Objective-To establish a normal database for oxygen uptake (Vo,) kinetics during low intensity treadmill exercise (LITE) testing, to be used as a guideline for programming rate adaptive pacemakers, and to determine its relation to Vo2 at anaerobic threshold and peak exercise.
Oxygen uptake in the lungs begins to increase immediately after the start of muscular exercise. The rate of change or the kinetics of pulmonary oxygen uptake has been studied for the past 50 years to develop a suitable model for the clarification of its mechanism and to determine its relation to physical condition or disease.'-7 Although numerous mechanisms have been proposed to model oxygen uptake kinetics, the one offered by Barstow et al appears to be the most acceptable and applicable for the evaluation of normal subjects and abnormal oxygen kinetics in patients with cardiovascular disease.89 Barlow's model of oxygen uptake kinetics consists of a three phase model: the first two phases represent the actual dynamic phase of oxygen kinetics and the third phase reflects the attained steady state phase. A majority of the oxygen deficit and the contribution of venous oxygen stores to pulmonary oxygen uptake kinetics are mostly in phase 1. It has been shown by various investigators that the kinetics of phases 1 and 2 or the time to reach steady state are dependent both on the work rate and on the subject's physical condition.2 Slower oxygen uptake kinetics have been shown to occur in various disease states; however, limited studies have been conducted to quantitate any difference with rate adaptive pacing and to determine the reliability of measurements of oxygen kinetics.'0 11 In addition, little has been published to establish a control database to serve as a guideline for programming rate adaptive pacemaker devices and to describe the correlation of oxygen uptake kinetics with submaximal or maximum exercise performance in healthy subjects.
Methods

STUDY GROUP
The study group consisted of 60 healthy subjects with a mean age of 45-8 (SD 18-3) years (37 men: 42-2 (16-2) years, body surface area 195-0 (13-19) cm2; 23 women: 51-6 (20 4) years, body surface area 165-9 (12-1) cm2) who were tested using both peak and low intensity exercise. Informed consent was obtained from all subjects. Before with the collection of breath by breath gas exchange on a CPX/D system from Medical Graphics Corporation (St Paul, Minneapolis, USA), using a rapidly responding zirconia fuel cell for the oxygen analyser and an infrared carbon dioxide analyser, in conjunction with a disposable pneumotachograph for flow measurements. The expired gas was collected in real time using a gas drying sampling circuit and a low rebreathing dead space pneumotachograph of about 20 ml, then analysed using a waveform analyser with automatic phase alignment of flow with the oxygen and carbon dioxide signals. The minute ventilation data were stored for analysis and playback using an eight breath moving average sampling technique. The minute ventilation signal was determined at body temperature and pressure saturated units. During exercise, the electrocardiogram and heart rate were continuously monitored with a CASE 15 monitor (Marquette Corporation, Milwaukee, Wisconsin, USA). Two protocols representing peak and low intensity exercise were used.
Ramping incremental treadmill exercise (RITE)
This protocol was used to determine peak exercise, which has been described in detail provided beyond the true oxygen uptake from rest to steady state for a specific workload, as indicated by the oxygen uptake at steady state. An exponential oxygen uptake regression curve (exp fit) was used for calculating oxygen deficit and oxygen uptake. Time (min) Figure 2 Use of the mean response time (MRT) to determine the onset ofsteady state. The left marker tags the onset of exercise with the oxygen uptake (Po) steadily increasing. The software calculates the mean response time at each breath using the Whipp formula. As compared with oxygen uptake, the mean response time more clearly indicates the onset ofsteady state, which is an important pointfor subsequent calculations.
previously.'2 Heart rate, oxygen uptake and minute ventilation at rest, anaerobic threshold, and peak exercise were measured. Linear regression analysis was used to analyse the relation between heart rate and minute ventilation, oxygen uptake, and work rate both below and above the anaerobic threshold for each patient. The anaerobic threshold was detected in accordance with the V slope method reported by Beaver and Wasserman. '3 Low intensity treadmill exercise (LITE) This protocol at a 35 W constant external workload level was used to simulate daily slow walking activity.'4 After two minutes at rest, the patient was exercised for six minutes on a treadmill with a workload of 35 W, followed by a recovery phase of three minutes. For the determination of resting oxygen uptake, heart rate, and minute ventilation values, only the last 30 seconds of rest before the onset of exercise were averaged, in order to include only true resting steady state data. Subjects were instructed how to walk on the treadmill at their calculated speed (according to body weight) and 8% treadmill grade to familiarise themselves with the test. All began exercise after the treadmill had reached its programmed speed and grade and the computed 35 W external workload was confirmed on the monitor, in order to eliminate the mechanical delay in the treadmill and to subject the controls to an instantaneous workload. Therefore any error in the heart rate and minute ventilation kinetic measurements was minimised.
The onset of exercise was marked in the computer when the subjects placed their second foot down on the treadmill, or took their first full step. Heart rate, oxygen uptake, and minute ventilation were determined at rest and at the steady state level, which was attained about two to three minutes after the onset of exercise.
OXYGEN UPTAKE KINETICS MEASUREMENT
As reported by Whipp,' the calculation formula for the oxygen deficit-comprised of oxygen extraction and the change in venous oxygen stores-is as follows: The Vo, data are filtered using a default filter size of 9. The filter was implemented so that there was no phase lag between the raw data and the filtered data. In the next step, the software calculated the mean response time at every breath after the onset of exercise using the Whipp formula, while assuming that steady state was achieved at a given breath. To reduce the extremely high sensitivity of the mean response time, it was filtered using the same median filter used to filter the Vo, data. anaerobic threshold of 22-1 (5-7) ml/kg/min and at peak exercise 37-6 (10-7) ml/kg/min. For the entire study group, the heart rate to work rate slope from rest to peak exercise was 0A47 (0-18) beats/min/watt, with a mean correlation coefficient of r = 0-96, indicating a mean increase of approximately 5 beats per increase of 10 watts of external treadmill work performed. As already reported'4 women generated a significantly steeper slope throughout exercise than men: 057 (0d18) v 0-41 (0<15); P < 0-001.
LOW INTENSITY EXERCISE TESTING
Using the LITE protocol to characterise the sinus node response during the early, dynamic phase of exercise, the following variables were determined. Heart rate at rest was 80 (13) beats/min compared with 105 (18) beats/min at the steady state level. At resting and steady state levels, minute ventilation was 10-9 (3 2) and 25-2 (4-9) /min respectively. Resting oxygen uptake was 4'1 (1-3) ml/kg/min (1-2 METS) compared with an average oxygen uptake at steady state of 9-7 (3-8) ml/kg/min (2-8 METS)-thus there was a substantial increase of 136% with a low intensity treadmill work. The results of the oxygen uptake kinetics are shown in table 2. The oxygen deficit for the entire study group was 418 ml or 5 9 ml/kg, with a significant difference between men and women (P < 0-001), whereas the mean response time and the oxygen deficit/Vo, time index showed only a slight non-significant difference between the genders (P = 0-056 and P = 0-066 respectively).
CORRELATION BETWEEN LOW AND PEAK EXERCISE TESTING
The results from the univariate correlation analysis between oxygen uptake kinetics and peak exercise data are shown in table 3. All submaximal oxygen uptake indices were significantly correlated with age, heart rate, and oxygen uptake at peak exercise, whereas no correlation with body surface area could be detected. The mean response time and the oxygen deficit/Vo2 time index were significantly correlated with oxygen uptake at anaerobic threshold, whereas the oxygen deficit was correlated with the heart rate to work rate relation from rest to peak exercise. In its correlation with oxygen uptake at anaerobic threshold and peak exercise, the oxygen deficit/Vo2 time index generated the highest correlation coefficients among the variables studied. Per-Oxygen uptake kinetics during low intensity exercise: relevance for rate adaptive pacemaker programming threshold. Physicians began to focus away from previously approved endpoints in exercise testing, such as peak workload or exercise duration, in order to differentiate between a "good"
or "poor" cardiopulmonary response."1 12 20 To generate an adequate oxygen uptake relative to the body's metabolic demand is the goal of the cardiopulmonary response to exercise. Therefore it appears logical that would be useful to measure oxygen uptake kinetics at the onset of low intensity, daily type exercise. It has been shown that the mean response time or the time constant for oxygen uptake can be used as a sensitive and discriminatory parameter reflecting impaired cardiac reserve in patients with reduced left ventricular function.7 Moreover the paced rate at the onset of exercise has been shown to have a significant influence on the amount of the oxygen deficit, hence its importance for appropriate programming in rate adaptive pacemaker patients" (see also fig 3) . However, there are no data that serve as a control database describing oxygen uptake kinetics in healthy subjects of a large sample size and also as a guide for assessing the influence of rate adaptive pacing on submaximal aerobic capacity.The data presented in this study show that, in contrast to the oxygen deficit which was independently influenced only by age, the mean response time and the oxygen deficit/Vo2 time index were significantly correlated with oxygen uptake at the anaerobic threshold and peak exercise, with peak oxygen uptake being the only independent determinant. Of these two variables, the oxygen deficit/Vo2 time index generated the higher correlation coefficient describing its relation to oxygen uptake, thus indicating that this variable may be a more significant reflection of low intensity exercise capacity relative to peak exercise. A critical point in the past was the method and reliability of the available software, especially with regard to determining the onset of the steady state phase. By the use of a newly implemented, filtered "moving" mean response time calculation, which clearly displays the dynamic and the steady state phase, it is now much easier to perform reproducible oxygen uptake kinetics measurements, even for inexperienced users. STUDY 
LIMITATIONS
Whether the normal oxygen kinetics database can serve as a guide for pacemaker programming in patients with a concomitant impairment of left ventricular function or lung disease remains unclear and will require further evaluation. A critical point with the use of the LITE protocol is the actual procedure. If the patient is not at true rest before the onset of exercise or starts the protocol with a warm up phase, the data obtained are not reliable. Even if "low intensity" sounds like an "easy to do" method, more emphasis should be placed on the details of how to conduct the test. CLINICAL 
IMPLICATIONS
In order to improve the patient's submaximal capacity, compared to that found with a prepacemaker, chronotropically insufficient rate, the pacemaker's rate response should be programmed to generate oxygen uptake kinetics that closely simulate normal physiology.
Knowing the significantly positive correlation of oxygen uptake kinetics with peak oxygen uptake, one can also expect to improve maximum exercise capacity if, for example, the effect of an appropriately programmed paced rate response is maintained throughout exercise to peak intensities. If this could be demonstrated in future pacemaker studies, low intensity exercise testing could substitute for peak exercise, which would be much more comfortable for the patient and easy to apply for the physician during pacemaker follow up procedures. 
